Our sensory experiences comprise a variety of different inputs at any given time. Some of these experiences are unmistakable, others are ambiguous and profit from additional sensory information. Here, we explored whether the presence of a congruent odor influences the neural processing and sensory interaction of audio-visual objects using degraded videos (V) and sounds (A) of dynamic objects in unimodal and bimodal (AV) combinations without or with a congruent odor (VO, AO, AVO). Analyses of EEG data revealed superadditive and subadditive interaction effects. The topography and timing of these effects suggest evaluative rather than sensory processes as the underlying cause. Together, the results suggest that the mere presence of an odor affects the processing of A, V, and AV objects differently while multisensory interactions of AV and AVO objects have common neuronal mechanisms pointing to a robust, modality-independent network for the processing of redundant sensory information.
Introduction
Odors are nearly omnipresent, yet they mostly go unnoticed and are often highly ambiguous when encountered alone (Cain 1979; Davis 1981) . Odor perception further largely relies on contextual or sensory information from other modalities as indicated by faster and more accurate odor detection (Gottfried and Dolan 2003) or identification (Zellner et al. 1991) in the presence of matching visual information. More recent studies have explored olfactory effects on perception and cognition where it has been demonstrated that odors can improve the perception in other modalities. For example, odors improve taste detection (Djordjevic et al. 2004 ) and facilitate perception when presented with associated colors (Dematte et al. 2006) . Odors even serve as memory cues (Cann and Ross 1989; Rasch et al. 2007) , increase the salience of matching images during attentional blink (Robinson et al. 2013) , direct attention to matching objects in a scene (Seo et al. 2010b ) and during binocular rivalry (Zhou et al. 2010) , influence the attractiveness of faces (Seubert et al. 2014a) , and can even alter pain perception (Villemure et al. 2003) . However, despite the rich body of literature of behavioral effects of odors on the processing of other sensory stimuli, very little is known about the neural mechanisms by which odors influence sensory processing.
The integration of redundant cross-modal information effectively reduces ambiguity. It has been proven beneficial for behavior and is typically indicated by a gain in response speed and/or response accuracy, commonly referred to as redundant-signals effect (Hershenson 1962; Raab 1962) . Improved performance has been observed across tasks and sensory systems corroborating the generalization of crossmodal benefits. For example, visual stimuli improve the discrimination of somatosensory stimulation (Arabzadeh et al. 2008) and increase the perceived loudness of auditory white noise (Odgaard et al. 2004) . In turn, the perception of visual events is enhanced by accompanying auditory stimuli (Chen and Yeh 2009) . Notably, multisensory integration (MSI) occurs most readily when the stimuli co-occur in time, appear to originate from the same spatial location, and when the input of either channel is ambiguous (Meredith and Stein 1983; Stein and Meredith 1993) . Notably, multisensory effects are observed when sensory information is derived from two but also more senses, for example for visual, auditory, and tactile stimuli (Diederich and Colonius 2004; Bresciani et al. 2008) . Facilitated processing of multisensory stimuli at the single-neuron level typically manifests in reduced activity compared to the sum of their unisensory constituents (subadditivity) or enhanced activity that is greater than the summed responses of the constituents (superadditivity). In human studies, when large-scale responses are obtained from millions of unisensory and multisensory neurons at a time, both subadditive and superadditive responses to multisensory stimuli have been reported (De Meo et al. 2015 ; Figure 1B ).
In sharp contrast to hemodynamic studies, electrophysiological studies give access to the detailed time course of sensory interaction effect. The bulk of literature suggests that multisensory interactions take place at both early and later levels of the processing cascade. Though ample evidence exists for early attentional modulations of MSI within primary sensory cortex (Lakatos et al. 2007; Lakatos et al. 2012) , early latency effects, occurring within the first 200 ms (Giard and Peronnet 1999) , may arise independent of consciousness and attention, while later effects may be subject to top-down influences (De Meo et al. 2015) . Lateral connections between sensory areas (Falchier et al. 2002; Lakatos et al. 2009 ) as well as feedback from heteromodal areas to sensory areas (Cappe and Barone 2005) have been suggested as possible neuroanatomical substrates of MSI. The interaction of audio and visual information has been studied at length (see Bulkin and Groh 2006; King and Nelken 2009; Murray and Spierer 2009) and the literature provides compelling evidence for audio-visual (AV) integration at both early and late levels of processing (Calvert and Thesen 2004) . Although the neurophysiological substrate(s) of early AV integration involve multisensory neurons in the superior colliculus (Wallace and Stein 1997) , and direct (Falchier et al. 2002; Budinger and Scheich 2009; Cappe et al. 2009 ) and indirect (van den Brink et al. 2014 ) connection between auditory and visual sensory cortices, late AV interactions are likely established via pooling of sensory information in heteromodal areas such as the superior temporal sulcus (STS), intraparietal sulcus (IPS), Figure 1 . A: Schematics of an experimental trial and stimulus selection. Stimuli were degraded videos and audio recordings of a brewing coffee machine (coffee) and a flopping fish (fish) and their matching odors presented as unimodal auditory (A) and visual (V) and bimodal auditory-visual (AV) objects alone and accompanied by a congruent odor (AO, VO, AVO). Each trial started with the written instruction to get ready, followed by the presentation of a unimodal A or V objects embedded in static or any multimodal combination of A, V, and O. Participants were to identify the object (coffee or fish) following stimulus presentation. B: Degradation of the stimuli was achieved by adding 31 and 46 levels of visual and auditory static, respectively, to the original video. Individual noise levels for presentation during the EEG study were selected during threshold determination in the first part of the study (indicated by green rectangles).
parieto-occipital cortex, posterior insula, as well as prefrontal and premotor areas (Calvert et al. 2000; Calvert 2001) .
The majority of research on multisensory interactions has neglected the sense of olfaction (but see, Seo et al. 2010a; Gotow and Kobayakawa 2014; Höchenberger et al. 2015) , possibly because odorants are difficult to control temporally and spatially in an experimental setting and may, therefore, not conform with the known MSI principles of spatial and temporal proximity. Consequently, the neural mechanisms underlying the influence of congruent odors on object processing remain elusive. Here, we determined whether the presence of an odor influences the neural processing of semantically congruent AV objects and whether the observed spatiotemporal brain activity patterns resemble those of recognized integration processes. To this end, we assessed odors' influence on the neural integration of multisensory stimuli with high ecological validity by measuring event-related potentials in response to naturalistic and dynamic stimuli. To increase task difficulty and to foster neural integration according to the rule of inverse effectiveness (Meredith and Stein 1986) , degraded stimuli were selected and tested using a 2-session design. In Session 1, unisensory auditory and visual identification thresholds were determined for each participant by presenting participants with video and audio recordings with various noise levels in a staircase design. The perithreshold stimuli, and their bimodal combinations, were presented alone and together with semantically congruent odors (trimodal presentation) in Session 2 while EEG recordings were obtained.
Methods

Participants
Thirty-three right-handed participants completed the study after providing written informed consent. Seven participants were subsequently excluded; 4 due to technical problems during recording and 3 because no exploitable EEG responses were observed. The final sample consisted of 26 participants (12 women, mean age 24.7 years, standard deviation [SD] 4.3 years, range 19-34 years). All participants reported normal or corrected-to-normal vision, normal hearing, and no past or current neurological or psychiatric disorders. Because smell disturbances often go unnoticed, we tested participants' odor identification ability using the MONEX-40 odor identification test (Freiherr et al., 2012) ; on average, participants identified 30.6 (SD 3.7, range 23-37) out of 40 odors correctly suggesting a good ability to smell. The study protocol conformed to the revised version of the Declaration of Helsinki for Medical Research involving Human Subjects and all aspects of the study were approved by the University of Pennsylvania Institutional Review Board.
Stimuli
Stimuli were video and audio recordings of a brewing coffee machine (hereafter: coffee) and a flopping fish (hereafter: fish) and their matching odors presented as unimodal auditory (A) and visual (V) and bimodal auditory-visual (AV) objects alone as well as within congruent odor context (AO, VO, AVO).
Odorants were 15-ml aliquots of complex mixtures resembling fresh coffee (5.7-ml coffee oil, IFF, product no. 10602269, and 9.3-ml diethyl phthalate, Sigma Aldrich, CAS no. 84-66-2) and fish (mixture of 3-ml fish aroma, Givaudan, Product no. NE-242-001-5; 0.04-ml pyridine, Sigma Aldrich, Fisher Scientific, . The odors were presented birhinally at a flow rate of 1.5 L/min for each nostril for a duration of 3 s using a custom-made, computer-controlled air-dilution olfactometer (Lundström et al. 2010) . The olfactometer delivers the headspace of an odor jar holding the liquid odorant to the nose of the participant. To avoid tactile sensations from switching between odors, the odor puffs are embedded in a continuous stream of air passing through a control jar with the solvent at 0.25 L/min for each nostril. The odors were isointense according to a pilot study (N = 20) .
Visual and auditory stimuli were 1-s-long video recordings of a coffee brewer (hereafter: coffee), a flopping fish in a pond (hereafter: fish), and a lawn mower cutting grass (hereafter: lawn). To produce stimuli with different levels of ambiguity, we first separated the video and audio tracks. The video recordings were then masked with 31 levels of static (65-98%) in evenly spaced log-steps using Virtual Dub (www.virtualdub.org) and Final Cut Express (www.apple. com/de/finalcutexpress/). Similarly, 46 levels of the audio recordings (−16.7 to −40.1 dB(A) for fish, −16.7 to 46.7 dB(A) for coffee, −22.7 to 40.7 dB(A) for lawn) were combined with brown noise at −9.3 dB(A) using Adobe Audition (www.adobe.com/de/products/ audition). Videos were presented on a 19″ TFT computer screen at 13.5° visual angle width and 14° visual angle height and sounds were presented via head phones at 63.7 dB(A). Note that the video and audio recordings of the lawn mower were only presented during AV identification threshold assessment (Session 1; see next section), but not during EEG recordings (Session 2) due to difficulties with the associated grass odor.
The stimulus presentation and collection of behavioral responses were handled by E-Prime 2.0 (Psychology Software Tools, Inc.).
Procedure
During Session 1 (identification threshold assessment), individual 75% identification rates of the visual and auditory objects were estimated for each object separately. To reduce the number of required trials, we only used subsets of 10 stimuli per object, with noise levels (for video) and sound pressure (for audio) equally spaced across the entire available ranges. Each trial started with the written instruction to "get ready" displayed for 1 s followed by a video or audio recording or noise-only for 1 s. After stimulus offset, participants indicated by button press whether they had perceived coffee, fish, lawn, or none (4-AFC task). The next trial started after a variable interstimulus interval (ITI) of 1.4-2.6 s. Each object (coffee, fish, lawn mower) and noise level was presented 5 times in pseudorandom order together with 15 noise-only stimuli. Individual 75% recognition thresholds were estimated for all objects by interpolation to select the corresponding video and audio files from the entire set of 31 video and 46 audio stimuli for use in Session 2 (see Figure 1 ) in order to increase task difficulty. The mean false-alarm rate was 12% (11% for visual and 13% for auditory stimuli).
During Session 2 (EEG recordings) participants were presented with video and audio recordings of coffee and fish at individual ~75% identification levels as unimodal A and V, bimodal AV (comprised of the unimodal A + V), and each object with odor context as VO, AO, and AVO. Each trial started with the written instruction to "get ready" presented for 2-3 s on the screen. Objects were presented for 1 s after a variable (0.5-2 s) stream of auditory and visual noise. In trials with odor stimulation, the odor was presented such that it was perceived simultaneously with the visual/auditory object. After stimulus offset, a blank screen was presented for 2 s before a response prompt required participants to indicate by button press which object they recognized (coffee, fish, or a combination; 3-AFC task) during a period of 3 s. The response was followed by a variable intertrial interval and the average trial duration was 10.5 s.
Each stimulus category and object (A, V, AV, VO, AO, AVO) was repeated 20 times (overall 240 trials) in pseudorandom order and interleaved with 24 incongruent stimuli to increase task difficulty and to enhance attention and compliance to the task.
EEG acquisition and preprocessing
The EEG was continuously recorded from 32 Ag/AgCl active electrodes that were mounted in an elastic cap and placed according to the extended 10-20 system, and the BioSemi Active-Two amplifier system (BioSemi). Lateral eye movements were monitored with a bipolar outer canthus montage (horizontal electrooculogram); vertical eye movements and blinks were monitored with a bipolar montage positioned below and above the right eye (vertical electrooculogram). Data were recorded with a sampling rate of 512 Hz and analog filters from 0.16 to 100 Hz. Offline analysis was performed by using the EEGLAB toolbox (Delorme and Makeig 2004) implemented in MATLAB (MathWorks), the FASTER plugin (Nolan et al. 2010 ) for filtering and automated artefact correction, and the Cartool software (http://brainmapping.unige.ch/Cartool. htm) for analyses and visualization of topographical dissimilarities. The data were filtered using a 0.5-Hz highpass FIR filter (transition band width 0.08 Hz) before segmentation into epochs of 1500 ms (−500 to 1000 ms relative to stimulus onset) and re-referencing to the average of 2 electrodes placed over the right and left mastoids. Unique artifacts were rejected (on average 0.6 trials per subject) based on visual inspection of all epochs before a notch filter (58.5 to 61.5 Hz, transition bandwidth 1.0) was applied to remove line noise. The FASTER automated epoch rejection based on default Z thresholds of 3 for deviation from mean, variance, and amplitude range was applied before independent components analyses; independent components were rejected based on Z thresholds of 3 for median gradient, spectral slope, spatial kurtosis, Hurst exponent, and EOG correlation. On average 3.9 (SD 1.9) epochs and 2.9 (SD 1.3) independent components were automatically removed from the data for each subject. Additionally, all epochs were visually inspected again and residual artifacts were discarded if applicable. This led to the removal of an additional 4.3 (SD 5.4) epochs for each subject. Artefact-free epochs from −200 to 800 ms relative to the onset were averaged for each condition (A, V, AV, AO, VO, and AVO) and participant. The ERP was then re-referenced to the average reference, the 200 ms prestimulus period (baseline) was subtracted, and a 30 Hz low-pass FIR filter applied before submission to statistical analyses.
EEG data analyses
The analyses were 2-fold: first, the impact of the presence of an odor on the processing of A, V, and AV objects was quantified by contrasting responses to AO versus A, VO versus V, and AVO versus AV. Second, sensory integration was assessed with an additive model to compare responses to multisensory stimuli with the summed responses to the respective constituents. Accordingly, bimodal AV integration was defined and computed as AV − (A + V) and trimodal AVO integration was defined as AVO − (A + V + O) and computed as AVO − [(AO + V + VO + A)/2] to retrieve the unimodal olfactory response from the respective bimodal stimulations. Notably, this approach neglects integration effects that may occur during AO and VO bimodal stimulation and thereby underestimates the trimodal intergration effect. This additive approach is suitable when using variable ITIs and in the absence of motor responses thereby reducing prestimulus anticipatory (Teder-Sälejärvi et al. 2002) and motorrelated effects (Gondan and Röder 2006) . The alpha level was to 0.05 for all statistical comparisons.
Modulations of the strength of the global electric field at the scalp were assessed by computing the standard deviation of the electric field (global field power, GFP) for each participant and condition. Larger GFP amplitudes reflect stronger electric fields and synchronization of the underlying neural sources (Skrandies 1990) . GFP for the sum of constituents and bimodal and trimodal integration effects was computed after application of the additive model to the ERP to account for the nonlinearity of the GFP. Sample-wise paired 2-tailed t-tests were computed for the GFP and for each scalp electrode to visualize when and where GFP and ERP modulations occur, respectively. To assess changes in the topographic distribution of the electric fields independent of strengths, the global map dissimilarity was computed, i.e., the square root of the mean of the squared differences between the measured potentials for each electrode, each of which is first scaled to unitary strength by dividing by the instantaneous GFP (Lehmann and Skrandies 1980; Skrandies 1990 ). Significant differences between conditions were identified by means of a Monte Carlo nonparametric bootstrapping procedure with 5000 permutations. This procedure determines the probability of obtaining a dissimilarity value from the permutations that exceeded the observed value. Topographic differences were plotted as 2-D t-maps. To account for increased type-I errors, a temporal criterion of 10 consecutive data points (~20 ms) was applied for differential effects (α ≤ 0.05) for all tests. EEG analyses were performed using Matlab (MathWorks) and the EEGLAB toolbox (Delorme and Makeig 2004) ; global dissimilarities were computed and topographical maps were visualized with Cartool (http://sites.google.com/site/fbmlab/cartool).
Results
Behavioral data
Participants differentiated between objects with high accuracy in the delayed 3-AFC task within Session 2. Mean identification accuracies were 97.7% ± 0.5% SEM for V, 72.5% ± 6.2% for A, and 98.2% ± 0.6% for AV with similar accuracies when the olfactory cue was additionally presented (98.2% ± 0.5% for VO, 75.2% ± 5.7% for AO, and 99% ± 0.5% for AVO). As expected, A, V, and AV objects presented with a corresponding odor yielded no significant improvement in identification accuracy compared to their solitary presentation (2-tailed paired t-test; all t ≤ 1.4). This finding is not surprising because behavioral benefits (faster response times) are typically found in tasks with time pressure (i.e., in speeded response time tasks), particularly in speeded simple detection tasks (Raab 1962; Miller 1982) and (rarely) also in speeded identification or speeded classification tasks (Höchenberger et al. 2015) but not in delayed response time tasks as used in the present study. Note that the task was chosen to produce motor responses later than the latest ERP component of interest to minimize motor-related potentials mixing with the stimulus-evoked potentials. Independent of this, the superior performance for visual objects provides little to no room for improvement.
EEG data
Odor context
To test whether odor context-induced differences are due to changes in electrical field strength or due to changes in the electrical field distribution, GFP and global map dissimilarities were computed, respectively, for A, V, and AV objects when presented alone and when presented with a corresponding odor context (AO, VO, and AVO; see Figure 2 ). The GFPs to auditory and visual objects were similar compared to the respective conditions with an odor, AO and VO (Figure 2A,B) . A significantly larger GFP was observed for AV compared to AVO stimuli during the 382-419 ms and 482-525 ms periods (P ≤ 0.05 for ≥20 ms [convention for all tests]; Figure 2C ). At the level of single electrodes, odor context yielded only transient effects ( Figure 2D-F) .
In contrast, odor presence yielded significant changes in electric field distributions for A, V, and AV stimuli indicating that odor context changes the configuration of the underlying cortical generators independent of electric field strength at the scalp level. Specifically, presentation of odor to the auditory stimuli resulted in a significant reduction of activity (AO < A) over frontal areas from 464-488 ms ( Figure 2G ). Addition of odor to the visual stimuli yielded an initial signal increase (VO > V) over the right hemisphere from 298 ms to 320 ms followed by the reverse activation pattern (VO < V) over largely overlapping electrodes and midline electrodes from 423 ms to 465 ms ( Figure 2H ). Odor stimulation yielded a significant augmentation for AV (AVO > AV) over left frontotemporal electrodes from 382 ms to 419 ms and a later reduction (AVO < AV) over largely overlapping electrodes from 771 ms to 794 ms ( Figure 2I ).
Multisensory interactions
Multisensory interactions were quantified according to an additive model; for this, responses to the multisensory object (e.g., AV) were contrasted with the sum of the responses for its constituents (e.g., A + V, henceforth referred to as ∑AV). Early transient superadditive neural response interactions were followed by enduring subadditive effects; these were observed in the waveform analyses as well as in the global dissimilarity index (see Figure 3) .
At the level of large-scale electric field strength, GFP analyses revealed significant superadditive integration effects for bimodal AV objects from 230 ms to 250 ms, 390 ms to 412 ms, and 472 ms to 506 ms; subadditive integration effects were found for trimodal AVO objects during the 117-140 ms and 182-221 ms time periods ( Figure 3A and B) . At electrode level, sample-wise t-tests for each electrode revealed transient effects between 100 and 150 ms and enduring differences starting at around 350 ms ( Figure 3C and D) . These effects were largely subadditive, particularly over frontal and central electrodes, and superadditive over posterior and central electrodes. The directionality of this effect was further G D AO>A AO<A Fp1  Fp2  AF3  AF4  Fz  F4  F3  F8  F7  FC1  FC2  FC5  FC6  Cz  T7  T8  C3  C4  CP5  CP6  CP1  CP2  P7  P8  P3  P4  Pz  PO3  PO4  O1 Fp1  Fp2  AF3  AF4  Fz  F4  F3  F8  F7  FC1  FC2  FC5  FC6  Cz  T7  T8  C3  C4  CP5  CP6  CP1  CP2  P7  P8  P3  P4  Pz  PO3  PO4  O1 Electric field strength (GFP) to A, V, and AV objects when presented alone and when presented with a corresponding odor (AO, VO, and AVO. Significant differences (P < 0.05 for ≥20 ms) in GFP between objects with and without odor were determined with paired t-tests and are indicated by black bars below the GFP waveforms; these were observed for AV versus AVO only. Significant differences in electric field distributions (global dissimilarity) were determined by topographic ANOVAs and periods of significant effects are depicted in black. D-F: Sample-wise t-tests for each electrode were used to visualize the location and time course of effects; only t-values for P <0.05 are displayed. G-I: t-maps averaged across significant dissimilarity time periods. The t-scale is set to ±2.5. Significantly different electrodes are enlarged and white. Note that only maps with effects at >2 neighboring electrodes are shown.
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substantiated by significant subadditive differences in electric field distributions and the corresponding topographic t-maps during the 333-601 ms period for AV and during the 321-409 ms and 431-601 ms periods for AVO interactions ( Figure 3E and F). In contrast, superadditive effects were observed only during early periods of sensory interactions, from 280 ms to 316 ms for AV and from 202 to 310 for AVO, over posterior and posterior-temporal electrodes as indicated by significant effects at the electrode and global dissimilarity levels. The effects were more pronounced for trimodal AVO than for bimodal AV interactions during earlier processing (195-227 ms) and reversed during later time periods (498-519 ms, 588-609 ms, and 670-699 ms; Figure 4 ).
Discussion
The aim of the present study was to characterize the spatiotemporal response patterns related to cross-modal AV object perception in the presence of congruent odors. Spatiotemporal waveform analyses revealed that the presentation of an odor context affects processing of auditory, visual, and AV objects at later processing stages (from 298 ms onward). Multisensory interactions, in contrast, were observed earlier, starting within 100 ms after stimulus presentation.
Odor context
Previous studies investigating odor context effects have focused largely on the behavioral consequences; in this framework, it has Fz  F4  F3  F8  F7  FC1  FC2  FC5  FC6  Cz  T7  T8  C3  C4  CP5  CP6  CP1  CP2  P7  P8  P3  P4  Pz  PO3  PO4  O1 . AV and AVO multisensory interactions. Multisensory interactions were determined using an additive model comparing responses to multisensory objects with the sum of the constituents for AV (left panel) and for AVO (right panel) stimuli. A, B: Global field power (GFP) and electric field topographies for 2 time periods around the most prominent GFP peaks (225-275 ms and 350-450 ms). Significant differences (P < 0.05 for ≥20 ms) in GFP between multisensory objects and the sum of their respective constituents were determined with paired t-tests and indicated by black bars below the GFP waveforms. C, D: Samplewise t-tests for each electrode were used to visualize the location and time course of effects; only t-values for P <0.05 are displayed. E, F: Differences in electric field distribution were determined by topographic ANOVAs and significant time periods (P < 0.05 for ≥20 ms) are depicted black. Corresponding t-maps averaged across significant dissimilarity time periods are shown below. The t-scale is set to ±2.5. Significantly different electrodes are enlarged and white. Note that only maps with effects at >2 neighboring electrodes are shown.
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been shown that olfactory cues modulate visual perception in binocular rivalry (Zhou et al. 2010) , facilitate recognition memory (Cann and Ross 1989) , influence the attractiveness of faces (Seubert et al. 2014a ), or prime visual word processing (Pauli et al. 1999) . Neuroimaging studies have shown that odor primes facilitate face processing and enhance activity in face-specific areas but also in the anterior insula (Seubert et al. 2010) and that odors influence emotional processing of facial expressions which manifested in widespread enhancement of the visual event-related potential (Leleu et al. 2015) .
The present study extends the current body of evidence and revealed that mere odor presence significantly changed electric field distributions for all objects (A, V, and AV) without concomitant changes in electric field strength, indicating that odor context modifies the configuration of the underlying cortical generators. The topography and timing of the odor-dependent changes varied between modalities, which is not surprising given that auditory and visual sensory areas yield modality-specific response patterns and neural substrates. Odor presence produced a significant topographical augmentation (VO > V) in the electric field distributions when paired with visual objects over right temporocentral areas and reductions (VO < V) later during processing over central areas. For auditory objects, a reduction (AO < A) over frontal areas was observed. AV objects in odor presence revealed augmentations (AVO > AV) over left frontotemporal electrodes and a subsequent reduction (AVO < AV) with a similar topography. The relatively late onsets together with the topographies of these effects suggest an involvement of a modal and/or associative rather than primary sensory areas. The observed sensory-specific odor context effects may arise from differences in auditory and visual perception and processing of the stimuli used in the present study. The behavioral results indicate that the audio sequences were more difficult to process than the videos, which could result in a different binding strength of these sensory inputs. Along these lines, sounds have been suggested to be less able to capture attention due to their relatively low saliency compared to the visual stimuli (Vidal et al. 2008) . Visual and auditory stimuli have further been suggested to contribute differently at various levels of multisensory processing: visual stimuli-influenced auditory processing stronger at early levels of processing (before a response is given), whereas auditory stimuli have a stronger impact on visual processing Fz  F4  F3  F8  F7  FC1  FC2  FC5  FC6  Cz  T7  T8  C3  C4  CP5  CP6  CP1  CP2  P7  P8  P3  P4  Pz  PO3  PO4  O1 . Trimodal versus bimodal interactions. Difference waveforms (multisensory objects minus the sum of the constituents) for AV and for AVO. A: Significant differences (P < 0.05 for ≥20 ms) in GFP between AVO and AV interaction effects were determined with paired t-tests and indicated by black bars below the GFP waveforms. B: Sample-wise t-tests for each electrode were used to visualize the location and time course of effects; only t-values for P <0.05 are displayed. C: Differences in electric field distribution were determined by topographic ANOVAs and significant time periods (P < 0.05 for ≥20 ms) are depicted black. Corresponding t-maps averaged across significant dissimilarity time periods are shown below. The t-scale is set to ±2.5. Significantly different electrodes are enlarged and white.
at later levels of processing (during response-related periods; Chen and Zhou 2013) . These interpretations imply that the processing and identification of A/AO objects would require more cognitive efforts and/or yield a lower performance than for V/VO objects which is in line with our finding of lower identification accuracy rates for A/ AO objects. Decreased activations with a focus over frontal areas, with different laterality though, were observed for all objects with concomitant odor presentation compared to when presented without odor context. These effects stared relatively late and with variable latencies for different objects and may reflect top-down effects (Talsma 2015) . Together, the data show that mere presence of an odor affects the processing of A, V, and AV objects differently. The topography and timing of these effects suggest evaluative rather than sensory processes as the underlying cause; the direction of the effects points to an increased efficacy in object processing in the presence ofBoth subadditive and superadditive responses to multisensory stimuli have been described in human electrophysiological studies (cf. De Meo et al. 2015 ). Yet, animal electrophysiology (cf. Stanford and Stein 2007) as well as human neuroimaging studies (cf. Laurienti et al. 2005 ) have mostly taken superadditivity as the sole criterion for MSI. This apparent inconsistency may arise, at least in part, due to the different nature of single-neuron recordings and large-scale measures (Calvert, Campbell, & Brammer, 2000; Stevenson et al., 2014) , which together with results from mathematical modelling, have in recent years begun to challenge superadditivity as the defining property of MSI (Beauchamp 2005; Laurienti et al. 2005; Angelaki et al. 2009 ).
The earliest multisensory effects, between 100 ms and 150 ms over frontal and central electrodes, were subadditive and more pronounced for trimodal compared to bimodal stimuli. Since these effects occurred with similar topography, it seems plausible that they reflect mere changes in local power. We also observed superadditive effects (AV > ∑AV and AVO > ∑AVO), during early periods of sensory interactions (202-316 ms) over posterior and posteriotemporal electrodes at the level of electrodes and global dissimilarity. Early superadditive effects for AV integration have been reported previously for simple stimuli (Molholm et al. 2002; at 56 ms) , for more complex stimuli such as moving faces and nonverbal vocalizations (Brefczynski-Lewis et al. 2009; 60-148 ms) , and for static faces and sounds (Vidal et al. 2008; 150-195 ms) . The variability of effect latencies in these previous studies indicates stimulus and task dependency of multisensory interactions. The choice of stimulus material and task have, in fact, been proposed to affect integration-related activity previously (Calvert and Thesen 2004) . In the present study, we used degraded dynamic stimuli that produced robust superadditive integration responses in bimodal combinations (Regenbogen et al. 2016) ; these factors might have facilitated the integration results. However, the fact that the effect topographies over posterior-temporal areas exhibit a stark resemblance across the present and previous studies (Molholm et al. 2002; Vidal et al. 2008; Brefczynski-Lewis et al. 2009 ) suggests that the underlying processes are similar and latency-independent. The comparably late onset latencies, and with that also the earliest effect latencies, in the present study are possibly the result of the low saliency of the stimulus material and the delayed object identification task together with the dynamic nature of the audio and video material.
Subadditive neural response interactions were observed in the waveform analyses at various times during stimulus presentation and these effects were characterized by dynamic topographical effects over frontocentral, frontotemporal, temporoparietal, but also posterior areas. This finding is again in line with those of Molholm and co-workers (2002) and Brefczynski-Lewis and co-workers (2009) who also reported subadditive effects that followed the early superadditivity and exhibited a centroparietal topography and dynamic topographies over temporoparietal, frontotemporal, and posterior areas, respectively. Although subadditive effects have been interpreted as the result of the relatively lower number of bimodal compared to unimodal neurons (Brefczynski-Lewis et al. 2009 ), it may indicate increased efficiency of the neural system with the latter interpretation being compatible with typical behavioral benefits such as faster response time or higher accuracy. AV and AVO sensory interactions exhibited apparent similarities during the time periods of 202-316 ms over posterior, 322-601 ms over frontal sensors, and 661-730 ms over temporoposterior sensors, thereby pointing to a robust, modality-independent network. In line with the notion that multisensory processing boosts perceptual processing speed (Hershenson 1962 ), AVO effects started roughly 100 ms earlier than the earliest AV effects observed.
The bulk of neuroimaging studies has implicated heteromodal frontal, temporal, and parietal areas in the human brain in multisensory processing, i.e., the (posterior) STS, IPS, and inferior frontal gyrus (IFG) (Calvert et al. 2000; Beauchamp et al. 2004a; Beauchamp et al. 2004b; Ghazanfar and Schroeder 2006) . The IPS may serve a special role in multisensory processing and attention because of its local specialization for different sensory modalities and connectivity with the dorsal attention network (Anderson et al. 2010) . Although it is difficult to conclude cortical origins of the observed effects based on 32-channel scalp recordings wide-spread posterior-temporalparietal but also fronto-central-temporal foci in the present study would be compatible with activity in the temporal lobes, e.g., from IPS and STS. Similarly, Molholm and co-workers (2002) interpreted their early AV effect with a right posterior-parietal focus, similar to our initial AV effect, as activity from middle temporal cortex (MT) and STS.
Traditionally, studies on MSI have focused on bimodal integration, mostly combinations of audio, visual, and tactile stimuli, leaving interactions of these senses with the chemical modalities taste and smell unexplored. Chemosensory interactions have, however, began to be investigated, in the framework of flavor perception, i.e., when odor and taste merge and culminate in the flavor percept, which naturally occurs during food consumption (Small and Prescott 2005; Seubert et al. 2014b) , our current knowledge on the neurophysiological foundations of olfactory-sensory interactions is still in its infancy. Although evidence for direct connections between olfactory and visual or olfactory and auditory cortices is lacking, visual associative regions project to perirhinal cortex (Suzuki and Amaral 1994; Ranganath and Ritchey 2012) and is implicated in visual object representation (Buckley and Gaffan 1998) . Likewise, activation of primary visual cortex influences olfactory quality discrimination even in the absence of visual processing indicating a strong link between visual and olfactory object formation (Jadauji et al. 2012) . From a theoretical point of view, one can argue that odors accord with some principles of MSI more than with others. As olfactory stimuli are hard to define in terms of onset and duration, and because their immediate spatial origin is often unclear, they may not instigate MSI according to the temporal and spatial rules. However, because their temporal and spatial properties and identity are commonly ambiguous, odor objects are considered weak and variable thereby conforming to the principle of inverse effectiveness and the rule of variability (Otto et al. 2013) , respectively. In light with the notion that MSI depends on the simultaneity of the perceptual stimulus onsets of unimodal streams rather than their physical alignment (Miller 1986; Diederich and Colonius 2004; Otto et al. 2013; Höchenberger et al. 2015) , odor processing is notably slower than the processing of visual and auditory stimuli. On the other hand, odor effects may be more robust toward onset asynchronies, similarly to speech perception (van Wassenhove et al. 2007) . In favor of the notion that odors can be integrated with information from other sensory streams speaks to its high ecological relevance and omnipresence in everyday experiences; it is in fact difficult to image a situation without any odor present. Although seemingly intuitive, only recently has it been demonstrated that odors acquire object properties and identity via learned associations between odors and information from other senses (Qu et al. 2016 ).
Conclusion
Together, our results suggest that the mere presence of a congruent odor can affect the processing of A, V, and AV objects and that these effects are caused by different cortical networks. Notably, this interpretation does not exclude the existence of modality-independent mechanisms of odor context effects. Multisensory interactions, following an additive model, yielded subadditive as well as superadditive effects for AV and AVO objects, and the resemblance of the underlying networks point to a robust, modality-independent network for the processing of redundant sensory information. Future studies should address the role of odor valence in multisensory interaction because odors have been shown to influence mood or emotion, particularly, when they have a strong positive or negative valence (Royet et al. 2003) . We accounted for this potential confound by including a positive (coffee) and a negative (fish) odor. Although the relatively low number of trials does not allow analyses of this factor, we can exclude a systematic bias of odor valence in the reported findings. Most importantly, the generalizability to other objects has to be shown in future studies.
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